Abstract-Engine electrification is a critical technology in the promotion of engine fuel efficiency, among which the electrified turbocharger is regarded as a promising solution for its advantages in engine downsizing and exhaust gas energy recovery. By installing electrical devices on the turbocharger, the excess energy can be captured, stored, and re-used. The control of the energy flows in an electrified turbocharged diesel engine (ETDE) is still in its infancy. Developing a promising multi-input multi-output (MIMO) control strategy is essential in exploring the maximum benefits of electrified turbocharger. In this paper, the dynamics in an ETDE, especially the couplings among multiple loops in the air path are analyzed. Based on the analysis, a model-based MIMO decoupling control framework is designed to regulate the air path dynamics. The proposed control strategy can achieve fast and accurate tracking on selected control variables and is successfully validated on a physical model in simulations.
I. INTRODUCTION
Motivated by the increasing pressure on fuel consumption and environmental protection, stricter fuel efficiency legislations are made on vehicles globally. In European Union countries, the fuel consumption of passenger cars and vans are required to curb the CO 2 emissions from 130 g/km in 2015 to 95 g/km in 2020. In parallel, the fuel efficiency standards on heavy-duty vehicles (HDVs) are also being designed [1] . The HDVs contribute almost one quarter of the fuel consumption in transportation, and most of which are equipped with diesel engines due to their high thermal efficiency and high torque at low speeds [2] . Studies carried out suggest that the most potential techniques in vehicle fuel consumption reduction are engine efficiency improvement and engine hybridization [3] . Electified turbocharger is a critical technology in engine electrical hybridization. The electrified turbocharger consists of a variable geometry turbocharger (VGT) and an electric motor (EM) within the turbocharger bearing housing. The EM is capable in bi-directional power transfer, and therefore, the VGT and the EM both have the ability to manage the energy flows in the air path. When the turbine power exceeds the required compressor power, the extra mechanical power is recuperated by the EM to power other electrical accessories or stored in battery for later usage. On the other hand, when the available turbine power is less than the required compressor power, the EM accelerates the turbocharger to assist boosting. Considering D. Zhao, Z. Yang, R. Stobart, and T. Steffen are with Department of Aeronautical and Automotive Engineering, Loughborough University, Loughborough, Leicester, UK (e-mail: d.zhao2@lboro.ac.uk, z.yang2@lboro.ac.uk, r.k.stobart@lboro.ac.uk, t.steffen@lboro.ac.uk).
E. Winward is with Energy and Transportation Research, Caterpillar Inc., Peterborough, UK. a third of fuel energy in internal combustion engines (ICE) is lost to the environment through the exhaust gas [4] , the electrified turbocharger is seen as a promising solution in raising fuel efficiency of HDVs [5] .
The electrified turbocharger has attracted considerable development interest. Advances in power electronics have led to the development of ultra-high speed EM with the capacity of higher than 100,000 rpm, which is now available for use in turbochargers [6] , [7] . The mainstream diesel engine and turbocharger manufacturers have developed their own prototype electrified turbochargers [8] - [10] . Investigations on the efficiency mapping of an electrified turbocharger with a heavy-duty diesel engine have been made in [11] - [15] . The current research all suggest that the development of a promising multi-input multi-output (MIMO) dynamic control strategy on electrified turbocharged diesel engines (ETDE) is required.
The control of the ETDE is still in the early age. In [10] , the EM is controlled in an open loop manner. In [16] , the EM, VGT, and exhaust gas recirculation (EGR) valve are controlled independently without considering the couplings. In 2014, a consortium led by Caterpillar Inc. developed a cutting-edge electrified turbocharger called electric turbo assist (ETA). Based on the ETA, several control methods and testing systems were developed in Loughborough University in simulations [17] - [19] and experiments [20] - [23] . This paper analyzes the dynamics of the ETDE. Furthermore, a model-based MIMO decoupling control strategy is proposed.
The paper is organized as follows. After the introduction in section I, the ETDE model is described in section II. The control-oriented dynamics is analyzed in section III. The controller design is presented in section IV. Validation results of the strategy are demonstrated in section V. Finally, the conclusions are summarized in section VI.
II. ELECTRIFIED TURBOCHARGED DIESEL ENGINE MODEL
In Table I , the variables and related parameters of the ETDE illustrated in Fig. 1 are listed. A switched reluctance motor (SRM) is selected as the EM for it is an excellent option in extra-high speed applications thanks to its simple structure [24] . The EM can work in both assist mode and generator mode. In assist mode, the EM extracts energy from the battery to improve the engine transient response, or provide steady state boost pressure to enhance low speed torque. In generator mode, the additional turbine torque resulting from exceed exhaust energy causes a power flow to the generator. 
A. Electrified Turbocharger Model
The dynamics of the turbocharger can be modeled as a first-order lag power transfer function with time constant τ :
Inductance profile at changing rotor poles angle where P bl and P wl are the power to overcome bearing losses and windage losses, respectively. The mechanical efficiency η m is introduced to quantify the energy losses. Therefore, (1) can be represented aṡ
W c is related to P c by
and P t can be expressed by W t :
B. Electric Motor Model
A SRM is employed as the EM. The SRM can sustain a high operating temperature since there are no magnets in the rotor. The torque production is concentrated in the period when inductance is maximized at the point the rotor poles align with the excited stator poles. Fig. 2 is an example of the SRM structure with 6 stator poles and 4 rotor poles and an ideal linear inductance profile when phase C − C is excited with constant current for a 6/4 SRM. In Fig. 2(a) , β s and β r denote the pole-arc of stator and rotor, respectively. The rotor poles are attracted to align with phase C − C since the inductance is higher in steel than in the air gap. The angle between the rotor and stator poles is denoted as θ. The baseline rotor poles angle is set as 0, and θ 1 is the angle where the overlapping of stator and rotor poles occur. The induction profile is illustrated in Fig. 2(b) .
The voltage equation across the terminals of a phase of SRM windings is:
where V and i are the terminal voltage and phase current respectively, R s is the winding resistance, and Ψ(θ, i) is the winding flux linkage. In the ideal case, the flux linkage and the current have the following relationship:
The electromagnetic torque generated by the SRM is given by [25] 
In the ETA, the turbine shaft is the SRM rotor shaft, so the EM power introduced in (1) is given by
III. CONTROL-ORIENTED DYNAMICS ANALYSIS
The key to reducing exhaust emissions in terms of NO x and PM is keeping rational values of F 1 and λ, which can be obtained from the independent variables W c and W egr according to the expressions in Table I . The independent variables can also be replaced by p in and W egr . However, to achieve a more integrated target containing fuel efficiency and exhaust emissions, p in and W egr are not enough. Since the EM impacts the exhaust manifold dynamics directly, a performance variable in the exhaust manifold has to be considered.
A criteria in selecting control variables is that they cannot be strongly coupled. The criteria guarantees independent control of selected variables. To analyze the relationship between different control variables, a calibration is implemented on a high fidelity engine simulation platform at 1800 rpm, 600 Nm by tuning χ vgt and P em . The results with no EGR are illustrated in Fig. 3 . The setting on χ vgt and P em is shown as Fig. 3(a) , where P em changes from the maximum generating power to the maximum motoring power, with the value of -5 kW and 5 kW, respectively. The χ vgt changes from 0.1 to 0.9, where 0 implies the VGT vane is fully closed and offers the maximum assistance to the compressor. Fig. 3(b) shows the strong coupling between boost pressure and turbine speed. The turbine speed behaves as a 2nd-order polynomial function with the boost pressure, which shows the strong coupling between them. However, the strong coupling also implies the turbine speed can be shifted by the EM in transients to obtain the most efficient boost [13] . On the other hand, the exhaust pressure varies much according to different settings on χ vgt , as shown in Fig. 3(c) . With the VGT vane closing from 0.9 to 0.1, both EM power (kW) (c) Calibration data on p in and p exh Fig. 3 . Calibration data by regulating χvgt and Pem boost pressure and exhaust pressure increase, as well as the condition when P em increases with the fixed χ vgt . The coupling between boost pressure and turbine speed can also be found using a theoretical causality analysis. Suppose a 2 inputs -2 outputs control structure, where p in and ω are controlled by χ vgt and P em , respectively. If the desired turbine speed ω * increases, P em would increase accordingly to drive up ω. At the mean time, p in would be driven up because of the enhanced boost assist. Fig. 4 . Control structure of the ETDE reduce p in . As a result, ω is decreased for the less pressure ratio in exhaust manifold. Therefore, ω has a strong coupling with p in and its setpoint cannot be selected independently. Based on both test results and dynamics analysis, p exh is selected as the control variable, together with p in and W egr .
IV. DECOUPLING CONTROLLER DESIGN
The single-input single-output (SISO) PI controllers are widely used in the control of conventional turbocharged diesel engines, while p in and W egr are controlled by χ vgt and χ egr , respectively. The gain values of PI controllers are tuned in off-line calibration. However, in the ETDE, the dynamics has been significantly changed, therefore the controllers are to be re-designed. Since it is time-consuming to re-tune the gain values manually, designing a decoupling MIMO controller is critical. The control inputs and measured outputs are selected as
The 3-inputs 3-outputs control structure of the ETDE is illustrated as Fig. 4 . The ETDE model is formed by the state space equations:
where x ∈ R n is the state vector, u ∈ R m2 is the vector of control inputs, w ∈ R m1 is the vector of exogenous inputs, y ∈ R p2 is the vector of measured outputs, z ∈ R p1 is the vector of regulated outputs. In the proposed ETDE control, w and z are defined as
and
where ∆N and ∆T L denote the disturbances on N and T L ; ∆p in , ∆p exh , ∆W egr denote the variations on p in , p exh , and W egr introduced by w, respectively. A nonsmooth H ∞ synthesis method is employed to build u since it is very convenient in practice [26] . This method can address a mixed set of time-and frequency-domain criteria including settling time, steady state error, stability margin, and noise rejection. The constraints can be grouped as hard (must have) constraints and soft (nice to have) objectives. The controller synthesis is transformed to an optimization problem as
subject to : max
where g is the vector of tunable gain values, T w→z denotes the closed loop map from input w to output z, and · can be either H ∞ norm or H 2 norm, i and j denote the index of soft objectives and hard constraints, respectively. The optimization problem (13) and (14) means to minimize the worst-case value of the soft objectives while satisfying all the hard constraints. In the formulation, all terms have been normalized. In this research, the soft objectives are settling time and steady state error. The hard constraints are stability margins including the gain margin and phase margin. The coefficient matrices in (10) are obtained via calibration tests. The systune solver in Matlab is adopted to compute the decoupling control law.
V. SIMULATION RESULTS
Simulations have been carried out on a physical plant model built in Dynasty, a proprietary multi physics simulation software package used within Caterpillar. The engine manifolds are modeled as one-dimensional components, permitting to capture the pulsations caused by engine actuators operation. All the cylinders are modeled separately to indicate the energy transfer from engine to turbocharger, such that the transient performance is simulated accurately.
The EM, compressor and turbine are all represented as map based models. The controllers are built in Matlab/Simulink for the available tools in Matlab can facilitate the controller design. To guarantee steady communications, the sampling frequency of the controller in Matlab and the controlled plant in Dynasty are set as identical. The investigated engine is a six-cylinder, 7.01-L heavy-duty engine with rated power of 225 kW at 2200 rpm and a rated torque of 1280 Nm at 1400 rpm. The engine is fitted with an experimental turbocharger. The maps used in the paper are all generated from off-line experimental calibration on the instrumented engine.
Prior to the physical simulation, the decoupling control law has been validated in the Simulink model, while the engine model is built from the off-line engine calibration data. Generally speaking, the workflow of this paper can be illustrated as Dynasty are both implemented. The operating points are selected as 1800 rpm, 260 Nm, and 1800 rpm, 815Nm, covering the low load region and high load region, which are typical working conditions in the trenching test cycle for heavy-duty engines. A block load condition between the switching of the two operating points is also given, while the gain values are scheduled according to the load.
A. Simulation in Simulink
In the Simulink simulation, both the controller and the ETDE model are built in Simulink. In generating the decoupling control law, the criteria are to be specified. In the soft objectives, the criteria on settling time and steady state error are set as 1s and 0.5%, respectively. In the hard constraints, the criteria on gain margin and phase margin are set as 3dB 
B. Simulation in Dynasty
In the Dynasty simulation, the controller and ETDE model are built in Simulink and Dynasty, respectively. As a comparison, the simulation results at 1800 rpm, 260 Nm in Dynasty is illustrated in Fig. 7 . The setpoint on p exh is kept as the same in Simulink simulation. To reveal the engine dynamics better, the setpoints on p in and W egr are generated from the embedded setpoints maps in the engine control unit (ECU). The tracking performance is very good.
The block loads operating condition and the corresponding test results are demonstrated as Fig. 8 and Fig. 9 , respectively. The tracking of the control variables in transients is very fast with small spikes, as can be observed in Fig. 9 . The employed decoupling controller only need to schedule gain values rather than the system model when operating point changes, which reduces the risk of system instability.
VI. CONCLUSIONS
A model-based MIMO decoupling controller is designed for the ETDE. In generating the control law, both the requirements on tracking performance and stability margins are considered. The selection of control inputs and control outputs is based on concrete dynamics analysis. Simulation results on both Simulink model and physical model are all given. The designed controller strongly underpin the next stage real-time optimization of fuel economy of ETDE. The next stage work would be the experimental validation of the proposed strategy.
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